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Abstract Store-operated Ca2+ entry (SOCE) is a widespreadmechanism in cells to raise cytosolic
Ca2+ and to refill Ca2+ stores. T cells critically rely on SOCE mediated by stromal interaction
molecules (STIM) and Orai molecules for their activation and regulation of gene transcription;
cells such as muscle cells, neurons or melanocytes probably utilize SOCE for the transmission of
inducible receptor-mediated function as well as for generalized Ca2+ homeostasis mechanisms.
Exposure to environmental or cell-intrinisic reactive oxygen species (ROS) can affect several
components involved in Ca2+ homeostasis and thus alter multiple pathways. While all cells have
a capacity to produce intracellular ROS, exposure of immune and skin cells to extracellular
oxidative stress is particularly high during inflammation and/or with UV exposure. This review
briefly summarizes cell-intrinsic sources of ROS and focuses on current findings and controversies
regarding the regulation of STIM and Orai by oxidative modifications. We also introduce
melanocytes as a new model system to study the function of STIM and Orai isoforms under
physiological conditions that include exposure to UV light as an activating stimulus.
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Reactive oxygen species (ROS): sources and effects on
SOCE
Although many studies concerning the regulation of
SOCE by ROS are conducted using the application of
exogenous ROS, physiological effects will be mediated by
endogenous sources inside cells or by ROS produced by
neighbouring cells. The lifetime andmicrodomain of each
species will therefore be important factors in determining
their physiological function. Endogenous ROS sources
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include mitochondrial ROS production via the escape
of electrons from the respiratory electron transfer chain,
membrane resident activatedNADPHoxidases (NOX and
DUOX; reviewed in Bedard & Krause, 2007; Bogeski et al.
2011), but also endoplasmic reticulum (ER)-associated
flavoproteins such as Ero1p during oxidative protein
folding as well as membrane-resident 5-lipoxygenases
(Tu & Weissman, 2004; Sevier et al. 2007). When
electrons are transferred to molecular oxygen, superoxide
radicals are generated which can further dismutate to
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hydrogen peroxide (H2O2), or in the presence of nitric
oxide (NO), to peroxynitrite (ONOO−). External sources
of ROS include cells producing high amounts of ROS
such as phagocytes, but also environmental factors such
as heat, radiation and chemical substances. While high
concentrations of ROS are generally deleterious for cell
survival, the importance of reactive thiols as activity
switches in signalling proteins responding to physiological
ROS concentrations is becoming increasingly recognized.
In general, reactive cysteines are the major targets of
oxidation by ROS. Here, the thiol group can undergo
reversible oxidation into sulfenic acid or irreversible
oxidation into sulfinic- or sulfonic acid; the thiol groupcan
also be S-glutathionylated or, if reactive nitrogen species
are present, nitrosylated. Proteins undergoing oxidative
folding within the ER gain disulfides by dithiol-disulfide
exchange with the oxidized form of the thioredoxin-like
protein Pdi1p (Frand & Kaiser, 1999; Tu & Weissman,
2004). A shift to hyperoxidizing conditions within the ER,
however, will inactivate Ero1p which acts as a catalyst
for Pdi1p, and thus can lead to an increased presence of
reduced thiols in protein domains (such as the EF-SAM
domain of STIM) located in the ER lumen (Sevier
et al. 2007). Depending on the concentration of reduced
glutathione within the ER these reduced thiols may also
become S-glutathionylated. As seen below, this regulation
may become relevant in the modulation of ER-resident
STIM. Here, we summarize recent aspects of SOCE
regulation by ROS. Already in the early 90s, regulation
of Ca2+ influx and Ca2+ currents by thiol modifying
agents had been described. Several of these studies
showed that oxidation induced activation of the inositol
1,4,5-trisphosphate (IP3) and ryanodine receptors, leading
to depletion of ER stores (Missiaen et al. 1991; Hilly et al.
1993; Poitras et al. 1993; Parekh & Penner, 1995), which
may facilitate SOCE activation. However, other studies
reported suppression of SOCE by <1 h incubation with
theoxidizing agent tBHPwithprolongedCa2+ signals after
>2 h incubation (Elliott et al. 1989). Inhibition of SOCE
was also found following treatment with thimersoral,
tBHP, H2O2 and other oxidants (Tornquist et al. 1999,
2000). Several other groups also report dual concentration
or reactive species-dependent effects (Redondo et al.
2004; Suzuki et al. 2009). With the discovery of the
molecular correlates of the Ca2+ release-activated Ca2+
current (ICRAC), namely the STIM andOrai protein family
members, it has now become possible to investigate redox
modifications on these proteins directly.
STIM1
Both murine and human STIM1 proteins contain four
cysteine residues in the mature, signal peptide-cleaved
protein. C49 and C56 are highly conserved cysteines
located in the luminal N-terminal domain upstream of
the first Ca2+-bound EF-hand where D76 is the first
acidic side chain involved in Ca2+-binding (Stathopulos
et al. 2008). C227 is located close to the cytoplasmic
exit of the single transmembrane spanning region, and
C437 is located within the Orai1 interacting cytosolic
CRACActivationDomain (CAD)STIM1Orai1-activating
region (SOAR) domain. No overall consensus as to the
reactivity of these cysteines has been reached. Hawkins
et al. (2010 show that the luminal C49 and C56 are
not susceptible to oxidation/reduction-induced shifts
in molecular weight when the EF-Sterile Alpha Motif
domain containing these cysteines is expressed as a
fusion protein in bacteria, which is not surprising as
they would be unlikely to form disulfide bridges in the
bacterial expression system. Prolonged treatment (24 h
with Buthionine sulfoximine (BSO) or 30minwithH2O2)
of COS-7 cells induced significant S-glutathionylation,
clustering of full length STIM1 and activation of SOCE;
H2O2-triggered, STIM1-dependent activation of ICRAC
was also reported by Grupe et al. (2010), although these
results could not be reproduced in our hands. Hawkins
et al. went on to show that S-glutathionylation of STIM1
is abolished by mutation of C56. If clustering is due
to S-glutathionylation of C56, STIM1 C49/56A mutants,
unable to become S-glutathionylated, should not cluster.
Unexpectedly, these mutants lead to constitutive Ca2+
entry in STIM1−/− DT40 cells and in HEK cells upon
coexpression with Orai1, possibly due to allosteric effects
on theCa2+ binding affinity of the EF-hand (Hawkins et al.
2010). In contrast, Prins et al. recently found that under
non-reducing conditions STIM1 protein from STIM1−/−
mouse embryonic fibroblasts (MEF) cells transfected with
wild-type yellow fluorescent protein (YFP)–STIM1, but
not from cells transfected with YFP–STIM1–C49/56A,
migrated more slowly in non-reducing compared to
reducing conditions, supporting the presence of an intra-
molecular disulfide bond between C49 and C56. They
found that the STIM1 intraluminal domain interacts
with the ER resident oxidoreductase ERp57, an inter-
action which is reduced in the absence of these cysteines.
ERp57 deficiency increases SOCE and results in partially
pre-clustered STIM1, although disulfide bond formation
of STIM1 is not altered in ERp57−/− cells. In their study,
rescue of STIM1−/− cells with YFP–STIM1–C49/56A
led to substantially reduced STIM1 function with no
constitutive activity (Prins et al. 2011). The reason for the
discrepancy with the findings of Hawkins et al. is unclear,
but may be due to the different cellular systems which
may result in different concentrations of endogenous anti-
oxidant proteins, yielding different expression levels of
transfected plasmids, or possibly due to different amounts
of STIM2 or STIML (see below). In addition, it would be
useful to show that, indeed, the C49/C56 STIM1 mutant
does not contain other reactive cysteines; preliminary
data from our group indicates that the double mutant
C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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still contains reactive cysteines (authors and D. Al-Ansary
unpublished observations).
Several studies show that STIM1 clusters upon exposure
to acute hypoxic conditions, probably due to a slow release
of Ca2+ from the stores using mainly sodium dithionite
(Na-Dit) to indirectly trigger hypoxia (Mancarella et al.
2011) or as a consequence of hypoxic induction of
mitochondrial ROS production (Guzy et al. 2005;
Gusarova et al. 2011; Mungai et al. 2011). Inhibition
of mitochondrial ROS production prevents the increase
of intracellular Ca2+ (Gusarova et al. 2011). Whether
treatment with Na-Dit is able to induce mitochondrial
ROS production is unclear. A decrease of molecular
oxygen should, in the long term, lead to a decrease in
ROS. Mancarella et al. show that clustered STIM1 in
primary smooth muscle cells and HEK cells exposed to
hypoxia does not activate Orai1 due to a concomitant
acidification which prevents the interaction between the
acidic cluster of the Orai1 C-terminal domain with a
basic cluster in the STIM1 CAD region (Mancarella et al.
2011). An earlier study using phaeochromocytoma cells
also found that STIM1-dependent SOCE is inhibited by
acidosis and hypothermia and increased with alkalosis
and hyperthermia (Thompson et al. 2009; Scrimgeour
et al. 2012). Scrimgeour et al. recently demonstrated that
E106 within the pore of Orai1 is critical for the pH
sensitivity of its Ca2+ binding site, which adds another
target of pH-dependent regulation of Orai1 (Scrimgeour
et al. 2012). While Mungai et al. and Gusarova et al. did
not measure pH, they observed STIM1-mediated Ca2+
entry with pharmacological properties related to Calcium
Release Activated Calcium (CRAC) in 143B osteosarcoma
cells and alveolar type II cells after hypoxic stimuli
(Gusarova et al. 2011; Mungai et al. 2011). However, no
data concerning the biophysical properties of the induced
currents are presented. These recent studies concerning
the role of hypoxia and ROS on STIM1 function also
raise the question of whether mitochondria-produced
ROS might have different effects from externally added
ROS (see dual effects of ROS on SOCE above). A further
complication in the analyses of hypoxia andROSon SOCE
in primary cells lies in the recent identification of a novel
STIM1 splice variant, STIM1L, which is preclustered and
bound to Orai1 in resting cells (Darbellay et al. 2011).
The STIM1L protein arises by alternative splicing of exon
11 and is characterized by a longer exon 11 with an
insertion of 106 additional amino acids also containing an
extra cysteine downstream of the Orai interacting domain
(CAD, SOAR). In contrast to STIM1which is ubiquitously
expressed inmouse tissues, STIM1L (115 kDa) is found in
skeletal muscle, brain, cerebellum, brain stem, spleen and
lungs, but not in kidney nor in T-lymphocytes. STIM1 and
STIM1L transcripts are also present in neonatal cardio-
myocytes but diminish with maturation. An upregulation
of STIM1 and STIM1L mRNA and protein was shown
in cardiomyocytes exposed to pathological stress, e.g. in
cardiomyocytes treated with hypertrophic agonists such
as phenylephrine (Luo et al. 2012). A functional difference
between STIM1 and STIM1L has been found in myo-
tubes exposed to repetitive Ca2+ release with a high
potassium solution. STIM1L-deficient myotubes were not
able to sustain continuous Ca2+ peaks and refilling of
sarcoplasmic reticulum (SR) Ca2+ stores. Furthermore,
Ca2+ influx was delayed in these myotubes. In resting
conditions, STIM1L was found to be preclustered in SR
regions adjacent to the plasma membrane independently
of the filling state of the SR. STIM1L interacts with actin
to form these permanent clusters and also preclusters
Orai1 channels. However, STIML only activates Orai1
channels upon store depletion. The important role of the
STIM1 protein in muscle contraction is highlighted by
mice deficient for STIM1, which suffer from muscular
fatigue upon tetanic stimulations (Stiber et al. 2008). This
phenotype may be due to the concomitant absence of the
STIM1L protein, which mediates immediate refilling of
the SR stores (Darbellay et al. 2011). Its preclustering
with the Orai1 channel may thus be important for
maintaining fast, repetitive and persistent contractions
in muscle fibres to compensate the Ca2+ efflux during
normal contraction. The identification of STIM1L as a
permanently clustered STIM1 homologue, which also
contains an additional cytosolic cysteine, may help to
clarify the divergent results regarding the effects of hyp-
oxia and/or ROS on SOCE and activation/inhibition of
Orai1-mediated influx. Because preclustered Orai1 is not
inhibited by extracellular ROS (see below), cells expressing
STIML may not be susceptible to ROS, in contrast to
cells that do not express STIML. Knock-down of STIM1
expression by transgenic approaches or siRNA is likely
to affect STIM1L expression as well, possibly leading
to divergent results depending on the level of STIML
expression. It will be important to identify whether both
splice variants are expressed in the investigated cell type
and to unravel the contribution of STIM1L versus STIM1
in cells where both are co-expressed.
STIM2
Unlike STIM1, the physiological role of STIM2 and
its different splice variants is much less clear. Probably
due to its low apparent Ca2+ binding affinity of its
EF-hand (Zheng et al. 2008), STIM2 has been proposed
to regulate basal cytosol and ER store Ca2+ concentrations
and can function both in a store-dependent and a
store-independent mode (Brandman et al. 2007; Parvez
et al. 2008) as well as contribute to SOCE in immune
cells (Oh-hora et al. 2008). In neurons, however, STIM2
as well as Orai2 are the predominant isoforms. SOCE
mediated by STIM2 but not by STIM1 is essential for
C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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ischaemia-induced cytosolic Ca2+ accumulation. Neurons
fromSTIM2−/− mice show significantly increased survival
under hypoxic conditions (Berna-Erro et al. 2009).
How STIM2 senses hypoxia is unclear. In addition,
the expression and function of different STIM2 splice
variants (see NCBI database and authors unpublished
data), all of which contain additional cysteines, is
unknown. Furthermore, a recent study found that
the much longer STIM2 signal peptide is responsible
for the post-translational production of three distinct
STIM2-derived proteins, resulting in an escape of proteins
from ER targeting. These cytosolic proteins can directly
activate Orai1 in a store-independent manner. A third
cleavage product can regulate gene transcription in a
Ca2+-independentmanner (Graham et al. 2011). The pre-
sence and function of different splice variants and cleavage
products of STIM2 await further investigation.
Orai
Orai1 andOrai2 proteins contain three cysteineswhich are
localized within transmembrane region (TM) 2 (C126,
C143) and at the exit of TM3 (C195). Orai3 lacks
C195 but contains two additional cysteines within the
extracellular loop between TM3 and TM4. Biochemical
analyses indicated that C195 is a reactive cysteine in
Orai1 and may serve as a detection system primarily
for changes in the extracellular oxidative environment.
While acute application of H2O2 to active STIM1/Orai1
complexes does not block permeation, preincubationwith
H2O2 of Orai1/STIM1 expressing cells (HEK; T cells)
inhibited activation of Orai1, but not of Orai3 (Bogeski
et al. 2010). Upregulation of Orai3 provides a mechanism
to protect SOCE from peroxide mediated inhibition.
An Orai1 triple cysteine mutant (C126S/C143S/C195S)
does not show H2O2 mediated inhibition, suggesting
that redox regulation of STIM1 in these conditions does
not play a major role. Reinsertion of a cysteine in the
C195 homologous position within Orai3 renders these
channels redox sensitive (Bogeski et al. 2010). Because
different cells express different ratios of Orai1 and Orai3,
redox sensitivity of SOCE may thus depend either on the
relative amount of Orai1:Orai3 homotetramers, or on
the appearance of Orai1–Orai3 heterotetramers (Fig. 1).
The finding that STIM1L is precoupled to Orai1 in
cardiomyocytes would lead to our prediction that these
complexes would not be redox sensitive. Our findings also
indicate that the degree of pre-activation of Orai1- and
STIM1-expressing cells would affect the degree of redox
sensitivity and may be one reason for divergent results.
The identification of a new splice variant (STIM1L)
of STIM1 with an additional cysteine which is relatively
broadly expressed and leads to preclustered STIML–Orai1
complexes, the possible presence of different splice
variants and post-translational modifications of STIM2,
altered ratios between STIM1 and STIM2, as well as
different combinations of Orai1, 2 and 3, necessitate a
careful re-evaluation of the diverse effects and the inter-
play between ROS, hypoxia and STIMmediated activation
of SOCE. In addition, STIM1/Orai1 interactions post-
ulated with other proteins such as TRPC channels (see
Worley et al. 2007, amongst others) or voltage-gated
calcium channels (Park et al. 2010; Wang et al. 2010) may
contribute to discrepant results.
In the final section, we would like to introduce a new
cellular system that should be well suited to study the
function of ROS on SOCE in a physiological context.
Skin melanocytes will be exposed to natural ROS sources
(i.e. UV light) and respond to a large variety of peptide
hormone signals which are able to trigger IP3 production,
although a role for Orai proteins had not yet been
described.
A physiological role of Orai and STIM proteins in
UV-triggered ET-1-induced melanin production
Melanocytes are skin cells of neural origin in the basal
epidermal layer where they are exposed to UV light,
a known inductor of melanin production (adaptive
tanning) but also of oxidative stress. Ca2+ is essential for
the melanocyte import of L-phenylalanine as well as for
its turnover to L-tyrosine, a precursor of melanin in its
bio-synthetic pathway. In contrast to its role in melanin
synthesis and activation of transcription factors such as
the microphthalmia-associated factor (MITF, see Fig. 2),
Figure 1. Redox sensitivity of SOCE depends on the
Orai1:Orai3 ratio
The model explains how the degree of SOCE and its redox sensitivity
depend on the relative concentrations of Orai1 and Orai3.
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Figure 2. UV radiation-induced Ca2+ homeostasis in primary human melanocytes
Exposure of human skin to UV radiation induces keratinocytes to secrete peptides and hormones. Many of
these activate G-protein coupled receptors of neighbouring melanocytes. This in turn leads to production of IP3,
depletion of ER Ca2+ stores, aggregation of STIM proteins and subsequent activation of Orai1 Ca2+ channels.
Elevations in [Ca2+]i can lead to a rapid increase in melanin distribution/synthesis, while longer lasting elevations
in [Ca2+]i lead to the activation of transcription factors necessary for melanocyte proliferation and melanin
synthesis. UVR: ultraviolet radiation; MITF: microphthalmia-associated transcription factor; PLC: phospholipase
C; DAG: diacylglycerol; L-PHE: L-phenylalanine; L-TYR: L-tyrosine; CaV: voltage gated Ca2+ channels; TRP: trans-
ient receptor potential; PH: phenylalanine hydroxylase; SERCA: sarco-endoplasmic reticulum Ca2+ ATPase; STIM:
stromal interaction molecule; TRP1: tyrosinase related protein 1; TRP2: tyrosinase related protein 2; IP3: inositol
trisphosphate; IP3R: inositol trisphosphate receptor.
C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
4198 I. Bogeski and others J Physiol 590.17
little is known about the regulation of Ca2+ homeostasis in
melanocytes and particularly about themolecular identity
of the channels involved in transmembrane Ca2+ influx.
Physiologically important elevations in melanocyte
[Ca2+]i are usually triggered via G-protein coupled
receptor activation (see Fig. 2 and Slominski et al. 2004).
UV radiation triggers keratinocytes and melanocytes
to secrete corticotropin-releasing hormone (CRH)
and subsequently proopiomelanocortin-derived (POMC)
peptides such as ET-1, ACTH, endorphin, amongst
others (Slominski et al. 2000; Zbytek et al. 2006).
Expression of several Ca2+ channel genes has been
reported in primary human melanocytes. The pre-
sence of voltage-gated Ca2+ channels (CaV) using
pharmacological tools was demonstrated by Wiesner
et al. (2003). Using RT-PCR, Das et al. (2012) identified
CaV 1.3 and 2.1 isoforms in melanocytes. While no
depolarization-induced change in [Ca2+]i could be
detected in healthy melanocytes, different melanoma
cell lines showed significant depolarization-induced CaV
activity. A non-selective cation channel of the transient
receptor potential (TRP) family, namely melastatin 1
(TRPM1) was originally identified because of its reduced
expression in highlymetastaticmelanomas in comparison
with non-malignant nevi (Duncan et al. 1998); differential
expression as well as mutations in TRPM1 have been
linked to congenital stationary night blindness and coat
spotting patterns in the Appaloosa horse (Bellone et al.
2008). In human melanocytes, Oancea et al. and Devi
et al. showed that TRPM1 down-regulation reduces cell
growth, differentiation and melanogenesis (Devi et al.
2009; Oancea et al. 2009). In addition to TRPM1, using
RT-PCR analyses, Devi et al. identified transcripts of
TRPM3, 4, 6 and 7. Earlier, TRPM7 was also identified
in human melanocytes and was also shown to regulate
melanophore cell death in zebrafish (McNeill et al. 2007).
TRP channels of other subfamilies such as TRPA and
TRPV have also been identified in human melanocytes
(Atoyan et al. 2009; Choi et al. 2009). However, many
activating signalling pathways that lead to the activation
of a givenTRPchannel inmelanocytes and their functional
importance are not completely understood.
While Wicks et al. (2011) showed that UV
radiation can also cause ER Ca2+ store depletion and
consequent increase in [Ca2+]i, thereby inducing rapid
melanin synthesis, the authors do not report which
plasma membrane-based Ca2+ channels are involved
in this signalling cascade. Recently, we asked if Orai
Ca2+ channels control UV-induced specific melanocyte
functions. We found that activation of endothelin-1
(ET-1) receptors leads to Ca2+ influx mediated mainly
by Orai1 channels, increasing melanocyte proliferation as
well as melanin production (Stanisz et al. 2012; see Fig. 2).
The Orai1-mediated melanocyte response towards ET-1
as well as to other UV-induced stimulants, therefore, is
likely to be involved in the process of ‘adaptive tanning’
rather than in the regulation of basal skin pigmentation. A
defectiveOrai1-dependentCa2+ entry inmelanocytesmay
thus lead to impaired tanning ability. Besides the finding
that Orai1 is highly expressed in primary melanocytes,
we also showed expression of Orai3 as well as a STIM2
expression which is stronger than STIM1. Whether Orai3
expression is able to alter melanocyte SOCE sensitivity
towards UV-induced ROS production, whether increased
STIM2expression alters specificmelanocyte functions and
which processes are triggered by too much UV exposure
(sunburn) are open questions. The skin will thus be an
interesting system to study immune cell function as well
as melanocyte function in a physiological setting.
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